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Abstract

The addition of platelet-rich plasma (PRP) to rotator cuff repair has not translated into improved 

outcomes after surgery. However, recent work stimulating ligament healing has demonstrated 

improved outcomes when PRP or whole blood is combined with an extracellular matrix carrier. 

The objective of this study was to evaluate the effect of three components of blood (plasma, 

platelets and macrophages) on the in vitro activity of ovine rotator cuff cells cultured in an 

extracellular matrix environment. Tenocytes were obtained from six ovine infraspinatus tendons 

and cultured over 14 days in an extracellular matrix scaffold with the following additives: 1) 

Plasma (PPP), 2) Plasma and platelets (PAP), 3) Plasma and macrophages (PPPM), 4) Plasma, 

platelets and macrophages (PAPM), 5) Phosphate buffered saline (PBS), and 6) PBS with 

macrophages (PBSM). Assays measuring cellular metabolism (AlamarBlue), proliferation 

(Quantitative DNA assay), synthesis of collagen and cytokines (SIRCOL, TNF-α and IL-10 

ELISA, and MMP assay), and collagen gene expression (qPCR) were performed over the duration 

of the experiment, as well as histology at the conclusion. Plasma was found to stimulate cell 

attachment and spreading on the scaffold, as well as cellular proliferation. Platelets also stimulated 

cell proliferation, cellular metabolism, transition of cells to a myofibroblast phenotype and 

contraction of the scaffolds. The addition of macrophages did not have any significant effect on the 

sheep rotator cuff cells in vitro. In vivo studies are needed to determine if these changes in cellular 

function will translate into improved tendon healing.
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INTRODUCTION

Rotator cuff tendon tears are one of the most common musculoskeletal complaints with 

more than 75,000 patients undergoing surgery to repair the rotator cuff each year.1; 2 Despite 
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advances in both open and arthroscopic surgical techniques, there is still a high rate of 

failure after rotator cuff repair, with up to 94% of repairs of large tears going on to re-

tear.3; 4 The high rate of failure of surgical repair of rotator cuff tears has led to interest in 

biologic adjunctive therapies to augment repair. Some biologic options that have been 

explored include fibrin and collagen matrices, mesenchymal stem cells, growth factors in 

isolation or combination, and platelet-rich plasma (PRP).5; 6 PRP seems ideally suited as a 

therapy, as the alpha granules of platelets contain multiple growth factors important in 

wound healing, namely platelet derived growth factor (PDGF),7 transforming growth factor 

beta (TGF-b),8 insulin-like growth factor I (IGF-1),9 vascular endothelial growth factor 

(VEGF),10 hepatocyte growth factor (HGF),11 epidermal growth factor (EGF),12 and basic 

fibroblast growth factor (bFGF).13 Multiple studies have established the beneficial biological 

effects of platelets and plasma on fibroblasts in culture, including stimulation of gingival and 

skin fibroblasts.14; 15 PRP has also been found to increase DNA and glycosaminoglycan 

production by human rotator cuff cells 16 as well as type I and III collagen gene 

expression.17

Unfortunately, multiple randomized clinical trials investigating the use of PRP have been 

unable to extend these findings into improved patient outcomes after rotator cuff repair.18-21 

Most recently, Rodeo et al. examined the use of a platelet-rich fibrin matrix as an adjuvant 

during arthroscopic repair, but found no difference from controls in rotator cuff healing, 

patient strength, or functional scores.20 Similarly, Weber et al. found no improvement in 

postoperative pain, motion, shoulder outcome scores, or cuff integrity based on magnetic 

resonance imaging (MRI).21 Similar findings were found in in vivo studies of anterior 

cruciate ligament (ACL) healing, where PRP alone had no benefit.22 However, when the 

blood cells were delivered in an extracellular matrix (ECM) scaffold, benefit was shown in 

large animal in vivo models.23; 24 The role of the ECM scaffold may be to physiologically 

activate the platelets 25; 26 as well as immobilize them in the wound site 27; 28 - two 

properties that may be important in the intraarticular wound site of a torn rotator cuff tendon 

as well.

The understanding of the complex role macrophages play in the inflammatory response and 

subsequent healing has continued to expand.29 Macrophages are a dynamic cell which can 

take on pro- and anti-inflammatory roles, and contribute to immune regulation, host defense, 

and wound healing.30 They are able to switch between multiple programs with differing 

receptor and cytokine expression based on their local environment.30; 31 These cells become 

the predominant cell type in the healing process with days of an injury and can persist in the 

wound for several weeks. In the later stages of the inflammatory phase, they adopt a wound 

healing role in response to the cues in the local environment.32 Macrophages exposed to 

PRP have been shown to decrease their expression of pro-inflammatory cytokines such as 

interleukin-1 (IL-1) and adopt a more anti-inflammatory role.33 Macrophages may therefore 

be an important intermediary in the effect of PRP and one of the ways that PRP exerts its 

wound healing effects.

The aim of the current study was to determine if the addition of platelets, plasma and/or 

macrophages to the 3-D environment of an ECM scaffold would stimulate ovine rotator cuff 

tendon cells to adhere to the matrix, proliferate and express a myofibroblast phenotype. We 
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hypothesized that the addition of platelets would stimulate cell proliferation and collagen 

gene expression and that the addition of macrophages would also stimulate these same 

parameters.

METHODS

Rotator Cuff Tenocyte Isolation

Tissue from Dorsett Cross breed sheep from other institutional animal care and use 

committee (IACUC) approved studies at our institution was used in this experiment. Our 

institution does not require IACUC approval for obtaining tissues from animals euthanized 

after completion of other approved studies, and because no live animals were used in this 

study, no separate IACUC approval was needed. Infraspinatus tendon was sterilely harvested 

from six skeletally mature ovine shoulders.34 Tissue was obtained and processed 

immediately after euthanasia. 2 mm ×2 mm ×2 mm explants were placed in 6-well plates 

and cultured to establish six individual cell lines derived from the six animals. Explants and 

outgrowing cells were maintained in complete growth medium (CGM) of Dulbecco's 

Modification of Eagle's Media (Mediatech Inc., Herndon VA) with 10% fetal bovine serum 

(HyClone Inc., South Logan UT) and 1% antibiotic/antimycotic solution (Mediatech Inc., 

Manassas VA). Media was changed twice per week. Cells were grown to 80% confluence, 

passaged, and frozen. Third passage cells were used for all experiments.

Plasma and Platelet Preparations

Allogeneic ovine whole blood from a single donor was obtained from Lampire Biologicals 

(Pipersville, PA) in 10% acid-citrate-dextrose. Blood was centrifuged at 150x gravity (GH .8 

rotor, Beckman GS-6 Centrifuge, Fullerton, CA) for 30 minutes. Platelet rich supernatant 

was collected and spun at 4000 rpm ×10 minutes to pellet the platelets. The remaining whole 

blood was spun at 3000×g to produce the platelet poor plasma (PPP) working solution. The 

platelet pellet was resuspended in PPP to create a suspension of platelets within the plasma 

(PAP). Cell counts (Table 1) were performed with the VetScan HM2 Hematology System 

(Abaxis, Union City, CA).

Macrophage Isolation

Macrophages were isolated from ovine whole blood (Lampire Biologicals, Pipersville, PA). 

Peripheral blood mononuclear cells were isolated by density centrifugation using Ficoll-

Paque (GE Healthcare Biosciences, Uppsala Sweden). Isolated cells were washed in PBS, 

suspended in RPMI, and plated on a T-75 culture flask at a density of 2.0 × 107 cells per 

flask. After two hours, cells were washed twice with PBS to remove non-adherent cells and 

maintained in culture with RPMI, 10% heat-inactivated FBS, and 1% antibiotic/ antimycotic 

solution. Macrophages were allowed to mature for seven days prior to use.

Extracellular Matrix Construct Preparation

Bovine knee capsule was harvested in a sterile fashion and solubilized in an acidic pepsin 

solution as previously described.24 Collagen content was adjusted to 8 mg/ml and 

neutralized to bring the final pH of the slurry to 7.4. Rotator cuff tenocytes were 

resuspended in PAP, PPP or PBS and macrophages added one half of the cell suspensions in 
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each solution. The cell suspension was added to the neutralized collagen slurry at a 

concentration of 5×105 tenocytes/ml for experimental groups and 1×105 macrophages/ml for 

the macrophage groups. 1ml of cell/collagen mixture was pipetted into 3 cm long semi-

cylindrical molds with a polyester mesh at each end to anchor the gels and placed in a 

humidified incubator at 37 °C and 5% CO2 for 1 h to achieve gelation. Constructs were 

cultured CGM and the medium was changed every three days. Cell composition of the 

scaffolds in each group is presented in Table 2.

AlamarBlue Metabolism Assay

AlamarBlue assay was performed on experimental days 0, 1, 3, 7, and 13. CGM was mixed 

with AlamarBlue® (AbD Serotec, Oxford UK) at a ratio of 9:1. Media was replaced with the 

AlamarBlue solution and incubated for 14 h, after which the absorbance of samples from 

each well were read at 570 nm and 600 nm (Spectramax250, Molecular Devices LLC, 

Sunnyvale CA) and percent reduction calculated per the manufacturer's protocol.

DNA Assay

DNA assay was performed on constructs harvested at 14 days. Constructs were digested in 1 

ml of PBE/L-cystene/Papain digestion buffer and placed on a 60°C heat block until clear 

before freezing at −80 °C. DNA content was measured utilizing the Quant-iT™ PicoGreen® 

dsDNA Kit (Molecular Probes, Eugene OR). Florescence was read at an excitation of 480 

nm and emission of 520 nm.

SIRCOL Collagen Assay

SIRCOL collagen assay (Biocolor Ltd, Carrickfergus, United Kingdom) was performed on 

each group at 1, 7 and 14 days according to manufacturer's instructions. Absorbance was 

measured at 560 nm.

Minimum Width

On day 14 the width of the construct on a digital image was measured at the narrowest point 

with NIH Image J 1.37V.

Quantitative RT-PCR (qPCR)

At 14 days, constructs were harvested and snap-frozen with liquid nitrogen. Samples were 

kept at −80°C until RNA extraction was performed. RNA was isolated after treatment with 1 

ml of Trizol reagent and homogenization using the PureLink® RNA Mini Kit (Life 

Technologies, Carlsbad CA). Reverse transcription was performed with the SuperScript® III 

First Strand Synthesis System (Life Technologies, Carlsbad CA). qPCR was performed with 

the SYBRGreen PCR Master Mix Kit (Applied Biosystems, Warrington, United Kingdom). 

Targeted genes were types I and III procollagen (COL1A1 and COL3A1), and GAPDH was 

used as the reference gene (Table 3).

IL-10 and TNF-α Enzyme Linked Immunosorbent Assay (ELISA)

IL-10 and TNF-α cytokine concentrations were measured at day 3 utilizing ELISA kits 

(MyBiosource, San Diego CA). Absorbance was measured at 450 nm.
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Matrix-metalloproteinase (MMP) Assay

Non-specific MMP activity assay (Abcam, Cambridge MA) was performed on media 

samples taken on day 3. 25 µl of samples and controls were added to 25 μl of 4-

Aminophenylmercuric Acetate (APMA) solution to active MMPs present in the samples and 

incubated at 37 °C. 50 μl of MMP green substrate was then added to each sample and 

incubated for 60 minutes at room temperature. Florescence was read at an excitation of 490 

nm and emission of 525 nm.

Histology

Constructs harvested at day 14 were fixed in 10% neutral buffered formalin, dehydrated, and 

embedded in paraffin. 6 μm sections were cut using a microtome and representative sections 

stained with Gill's modified hematoxylin III and Eosin Y 1% alcoholic solution (EMD 

Chemicals Inc., Gibbstown, NJ). Immunohistochemical staining for α-smooth muscle actin 

(αSMA) was performed by Mass Histology Service, Inc. (Worchester, MA). In brief, after 

heat pretreatment, sections were treated with 3% hydrogen peroxide for 15 minutes then 2% 

horse serum for 20 minutes at room temperature. Sections were then incubated with rabbit 

anti- αSMA (ab5694, Abcam, Cambridge, MA) diluted 1:250 overnight at 4°C, then with 

vector rabbit impress secondary polymer for 45 minutes and 3,3′-diaminobenzidine for 3 

minutes at room temperature. The sections were then counterstained with hematoxylin and 

imaged by a light microscope at 200X magnification.

Statistics

Data analysis was completed with STATA 12.0 (StataCorp, College Station TX). Multilevel 

mixed-effects linear regression was used to analyze all data, with platelet solution condition 

(PBS, PPP or PAP) and macrophage condition (with or without) as fixed effects, and cell 

line as a random effect. All results given as mean +/− standard error. A p-value of less than 

0.05 was considered significant.

RESULTS

AlamarBlue Assay

The addition of plasma alone resulted in a significant increase in cellular metabolism in the 

ECM scaffold compared to the PBS group at days 3, 7 and 13 (p<0.001 for all comparisons). 

The addition of platelets to the plasma resulted in greater cell metabolism than PPP at days 3 

and 13 (Figure 1, p<0.001 for all comparisons), and a trend toward significance on day 7 

(p=0.056). The addition of macrophages to PBS, to plasma or to platelets and plasma had no 

significant effect on metabolism at any time point. (p>0.3 for all comparisons).

DNA Assay

The addition of plasma resulted in a 2.5 fold increase in DNA content at day 14 (Figure 2; 

p<0.001) compared to the PBS group. The addition of platelets to the plasma resulted in no 

further increase in DNA content over plasma alone at 14 days of culture (p=0.424). The 

addition of macrophages to PBS, to plasma, or to platelets and plasma had no significant 

effect DNA content within the ECM scaffold at 14 days (p=0.329).
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SIRCOL Collagen Assay

The addition of plasma resulted in a 3-fold increase in collagen expressed into the media 

(Figure 3; p=0.002) at day 1 of culture compared to PBS. The addition of platelets to the 

plasma resulted in a further 2-fold increase in collagen release compared to plasma alone 

(p<0.001) on day 1. The addition of macrophages to any of the groups had no significant 

effect on collagen content at any time point (p>0.13 for all comparisons). There were no 

significant main effects of plasma, or plasma and platelets on collagen content at any other 

time points.

Minimum Width

The addition of plasma resulted in no significant change over the PBS group in the 

contraction of the ECM scaffolds (Figure 4; p=0.093) at day 14 of culture. The addition of 

platelets to the plasma resulted in a significant decrease in the minimum width compared to 

PBS or plasma alone (p=0.004) on day 14. The addition of macrophages to PBS, to plasma, 

or to platelets and plasma had no significant construct width content at day 14 (p=0.556).

Quantitative RT-PCR

There were no significant effects of plasma, platelets and plasma, or macrophages on 

expression of COL1 or COL3 at day 14 (p>0.05 for all comparisons). However, the relative 

expression of COL1 in the PAP group was 53% greater than that in the PBS group at day 14 

and approached significance (1739.69 vs. 1140.05, p=0.059).

IL-10 and TNF-α ELISA

There were no significant effects of plasma, platelets and plasma, or macrophages on IL-10 

or TNF-α expression (p>0.05 for all comparisons).

MMP Assay

There were no significant effects of plasma, platelets and plasma, or macrophages on MMP 

expression (p>0.05 for all comparisons).

Histology

We observed that the cell density of H&E sections from constructs harvested at 14 days from 

the groups containing plasma or plasma and platelets was higher than in the PBS groups 

(Figure 5). In addition, more cells in the groups containing plasma exhibited cell spreading 

with cytoplasmic projections rather than a round cytoplasm. Staining for αSMA was also 

more pronounced in the PAP and PPP sections, with a minority of cells stained in the PBS 

group, and a majority of the cells stained in the PAP and PPP groups.

DISCUSSION

The purpose of this study was to determine the individual and combined contributions of 

plasma, platelets and macrophages on the cellular processes important in rotator cuff 

healing: proliferation, matrix production and scaffold remodeling. Plasma was found to 

stimulate cell attachment and spreading on the matrix as seen histologically on H&E 
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staining, as well as cellular proliferation measured by the DNA assay. Platelets also 

stimulated cell proliferation, as well as cellular metabolism measured by the AlamarBlue 

assay, transition of cells to a myofibroblast phenotype seen by αSMA staining, and 

contraction of the scaffolds as measured by the minimum width of the constructs. However, 

the addition of macrophages in the absence of other white blood cells (WBCs) did not 

impact the in vitro activity of sheep rotator cuff tenocytes, even in the presence of platelets 

or plasma. Therefore, this study supports our hypothesis that platelets have a positive effect 

on rotator cuff biology in vitro on the ovine cells; however, contrary to our hypothesis, the 

addition of macrophages in this in vitro model did not increase the metabolic and 

proliferative properties of the rotator cuff tenocytes.

The finding of increased tenocyte proliferation with platelets and plasma is consistent with 

previous work examining rotator cuff tenocytes. Sadoghi et al. recently found that PRP 

significantly increases DNA and glycosaminoglycan production of human rotator cuff cells 

in culture, with 1 fold and 5 fold increases in platelet count showing significantly higher 

biological responses than a 10 fold increase.16 Additionally, there was a trend in our study to 

increased COL1 gene expression with platelets and plasma, also in agreement with prior 

studies 14; 17. Work by Jo et al. found tenocytes harvested from degenerative tears 

undergoing repair and cultured in the presence of PRP had increased proliferation and types 

I and III collagen gene expression, with concentrations of 4000 and 8000 × 103 platelets/μL 

showing the greatest increase in proliferation.17 These findings for a model in which the 

tenocytes and blood components are incorporated into an extracellular matrix carrier are thus 

consistent with prior 2-D in vitro studies.

This study establishes the positive in vitro biologic effects of 2-3X platelets and plasma on 

sheep rotator cuff tenocytes in an extracellular matrix carrier. There was an overall increase 

in cell metabolism in the platelet and plasma preparation groups on days 1, 3, 7 and 13, and 

both platelet and plasma groups had an increase in DNA quantity, suggesting increased cell 

proliferation. This corresponds to the increased number of cells seen on histology at day 14 

in the PPP and PAP groups. COL1 gene expression was increased only in the presence of 

both platelets and plasma. These findings are consistent with prior work in which Cheng et 

al. found that plasma alone was sufficient for increased proliferation and metabolism of ACL 

cells in culture, however platelets and plasma stimulated increased COL1 gene production.35 

Additionally we observed an increase in contraction of the collagen scaffold in the platelet 

and plasma groups at day 14, a process that is important during wound healing.36 Based on 

the increased presence of myofibroblasts in the same set of constructs, we suspect this is due 

to cell-mediated contraction rather than degradation. In addition, MMP activity in the media 

was equivalent in all groups, making differential degradation less likely.

We further hypothesized the further addition of macrophages specifically might add an 

important mediator in the complicated inflammatory and healing process due to the 

important role macrophages play in the normal response to injury and wound healing. 

Although recent work has shown that macrophages cultured in the presence of platelets and 

plasma resulted in increased release of anti-inflammatory cytokines RANTES and LXA4 by 

platelets, and decreased production of monocyte chemotactic protein-1 37 and IL-1 33 by 

macrophages, our study suggests that the addition of macrophages in this model was not 
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sufficient to translate these inflammation-modifying effects into increased in vitro cellular 

activity at the level of the tenocytes. This may be due to our manufactured in vitro 

environment, which lacks fresh sources of monocytes and macrophages over time and also 

lacks the presence of neutrophils, which may be an important co-factor for macrophage 

function in the wound site.38

This study has several additional limitations. First, only one concentration of macrophages 

was used in all cultures. The concentration was chosen based on the relatively low 

concentration of macrophages and monocytes in peripheral blood. It is possible a different 

concentration of macrophages would have produced different effects, and altering the 

macrophage concentration is a potential area of future study. Second, as the cells were 

cultured within an extracellular matrix scaffold, any products synthesized by the cells may 

have been trapped within the hydrogel, affecting the amount measured in the culture media. 

We suspect this contributed to the lack of significant findings in the IL-10 and TNF-α 

assays. Sample size was selected based on prior studies of platelets and plasma on ligament 

biology, although no formal power analysis was performed. Our study may not have been 

adequately powered to detect smaller differences. Finally, our in-vitro environment is limited 

by the use of passaged cells, the lack of mechanical load on the constructs, as well as the use 

of tendon cells from skeletally mature, healthy sheep, rather than human degenerated rotator 

cuff tendon. These limitations in the model should be kept in mind when trying to 

extrapolate our results to cells in degenerative tears of the human rotator cuff.

In conclusion, the addition of plasma and platelets each had anabolic effects on the ovine 

rotator cuff tenocytes; however, the addition of macrophages did not increase the observed 

anabolic effects of platelets or plasma in this model. These findings suggest that platelet 

therapy may indeed have clinical application in the rotator cuff. Further research into the 

proper application of platelets, such as via an extracellular matrix scaffold, may help lead to 

improved clinical outcomes and improved rates of healing. Our model may be useful for 

continued exploration of the use and application of platelets and plasma to augment rotator 

cuff healing using the translational model of bench to bedside research.
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Figure 1. 
Proportion of AlamarBlue reduced (n=6 for all groups) over the course of the experiment. 

Error bars represent standard error. * = significant difference (P<0.05).
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Figure 2. 
Amount of DNA (ng) measured by PicoGreen DNA assay at day 14. N as indicated. Error 

bars represent standard error. Bars capped with different letters significantly different at 

P<0.05.
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Figure 3. 
Amount of collagen (μg/ml) measured by SIRCOL at day 1 (n=6 for all groups). Error bars 

represent standard error. Bars capped with different letters significantly different at P<0.05.
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Figure 4. 
Minimum width of constructs on day 14. Error bars represent standard error. N as indicated. 

Bars capped with different letters significantly different at P<0.05.
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Figure 5. 
Representative histology of constructs at day 14 (200x magnification). Note the number and 

morphology of fibroblasts (arrows), and the increased positive IHC staining (brown) for α-

SMA actin in the PPP and PAP groups. Scale bars = 20μm.
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Table 1

White cell and platelet counts for whole blood, PPP and PAP used in this experiment.

WBC count (Cells/mL) Platelet Count (Cells/mL)

Whole Blood 12.85×106 50×106

Plasma <1×105 <1×105

Platelets and Plasma <4×105 136×106
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Table 2

Number of cells per scaffold in each group

PBS PBSM PPP PPPM PAP PAPM

Tenocytes 5×105 5×105 5×105 5×105 5×105 5×105

Platelets 0 0 <1×105 <1×105 54×106 54×106

Macrophages 0 1×105 0 1×105 0 1×105
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Table 3

Ovine primer sequences for qPCR.

Forward (5′-3′) Reverse (5′-3′)

COL1A1 CCA GTC ACC TGC GTA CAG AAC GG GCC AGT GTC TCC TTT GGG TCC

COL3A1 GCT GGC TAC TTC TCG CTC TG GTG GGC AAA CTG CAC AAC AT

GAPDH CCA CTG GGG TCT TCA CTA CC AAG CAG GGA TGA TGT TCT GG
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